Linker histone H1.2 has been shown to suppress p53-dependent transcription through the modulation of chromatin remodeling; however, little is known about the mechanisms governing the antagonistic effects of H1.2 in DNA damage response. Here, we show that the repressive action of H1.2 on p53 function is negatively regulated via acetylation of p53 C-terminal regulatory domain and phosphorylation of H1.2 C-terminal tail. p53 acetylation by p300 impairs the interaction of p53 with H1.2 and triggers a rapid activation of p53-dependent transcription. Similarly, DNA-PK-mediated phosphorylation of H1.2 at T146 enhances p53 transcriptional activity by impeding H1.2 binding to p53 and thereby attenuating its suppressive effects on p53 transactivation. Consistent with these findings, point mutations mimicking modification states of H1.2 and p53 lead to a significant increase in p53-induced apoptosis. These data suggest that p53 acetylation-H1.2 phosphorylation cascade serves as a unique mechanism for triggering p53-dependent DNA damage response pathways.
Introduction
The p53 protein is an important tumor suppressor, and its functional inactivation is the most frequent alteration in the majority of human cancers (Vogelstein et al., 2000; Toledo and Wahl, 2006; Junttila and Evan, 2009 ). In response to a variety of genotoxic stimuli, p53 is stabilized and activated to regulate downstream target genes that contain a consensus p53 response element in promoter or intronic segments (Espinosa et al., 2003; An et al., 2004; Beckerman and Prives, 2010) . Structurally and functionally, p53 can be divided into three distinct domains: the N-terminal transactivation domain, the central DNA binding domain and the C-terminal regulatory domain. The transcriptional potency of p53 is strictly regulated by post-translational modifications, of which acetylation of the C-terminal domain has been most intensively investigated. p53 acetylation can exert its effects on transcription by altering the conformational state and DNA binding activity of p53 (Gu and Roeder, 1997; Luo et al., 2004) . Alternatively, p53 acetylation can function by creating interaction modules for chromatin remodeling co-activators, such as p300, and thereby promoting their recruitment to cognate p53 response elements in downstream target genes (Barlev et al., 2001; Mujtaba et al., 2004) . Stable localization of these factors at p53 target genes increases the accessibility of chromatin to the transcription machinery, leading to transcription initiation.
Linker histone H1 is one of the five main histone proteins that regulate chromatin competency through its high affinity binding to linker DNA as a structural component. There are multiple H1 isoforms that can be expressed in distinct developmental stages and localized at specific chromatin loci and tissues (Lennox and Cohen, 1984; Parseghian and Hamkalo, 2001; Izzo et al., 2008) . All human H1 isoforms share a conserved structure consisting of a central globular domain flanked by a short flexible N-terminal tail and a long unstructured C-terminal tail. Numerous studies have demonstrated that the interaction of H1 with nucleosomes stabilizes the higher order chromatin structure and interferes with DNA-dependent reactions such as transcription and replication (Georgel and Hansen, 2001; Brown, 2003; Bustin et al., 2005; Woodcock et al., 2006) . In addition to having this general structural role in chromatin, H1 can exert gene-specific effects by antagonizing the function of particular transcription regulators. For instance, mouse histone H1b is recruited to the MyoD promoter by Msx1 homeoprotein and enhances Msx1 activity in delaying the differentiation of progenitor cells into muscle . The dynamic behavior of H1 has also been illustrated by the cooperative action of H1 and other factors for controlling specific gene transcription (Hale et al., 2006; Ni et al., 2006) . In further support of specific roles for particular H1 isoforms, studies from our laboratory have shown that human H1.2 forms a stable complex with a group of proteins and represses p53-dependent, p300-mediated chromatin transcription (Kim et al., 2008) . More detailed analysis has revealed that the H1.2 core complex consisting of H1.2 and two repressors, YB1 and PURa, is sufficient to recapitulate the repressive capacity of the entire H1.2 complex. H1.2-induced repression is accomplished by its direct interaction with p53 and interference with histone acetylation at promoter regions (Kim et al., 2008) . Although the underlying mechanisms remain elusive, the ability of H1 proteins to repress gene transcription is regulated by their post-translational modifications (Dou et al., 1999; Vaquero et al., 2004) . Among the modifications identified so far, the best-characterized modification is phosphorylation, which is usually mapped to the N-and C-terminal tail domains of H1 (Happel and Doenecke, 2009) . The functional consequence of H1 phosphorylation appears to be the dissociation of H1 from nucleosomes and the increased opportunity for chromatin remodeling (Roth and Allis, 1992; Dou et al., 1999; Lever et al., 2000; Horn et al., 2002; Contreras et al., 2003) . Thus, given its ability to attenuate H1 effects, H1 phosphorylation is likely to reflect an initial process of activating a specific gene in chromatin.
In light of these observations, we set out to investigate whether p53 acetylation and H1.2 phosphorylation have a regulatory role in p53-mediated transcription. The data indicate that p300-mediated p53 acetylation and DNA-PK-mediated H1.2 phosphorylation impair p53-H1.2 interaction, thereby relieving the repressive effects of H1.2 on p53 transactivation. Upon DNA damage, p53 and H1.2 undergo modifications in an ordered manner, with H1.2 T146 phosphorylation followed by p53 acetylation. Furthermore, disturbance of p53-H1.2 interaction by their modifications is critical for potentiating p53 function, because point mutations mimicking their constitutive modifications induce more efficient growth inhibition and apoptosis.
Results

p53 acetylation alleviates H1.2-mediated repression of p53 transactivation
We have recently reported that the H1.2 core complex, consisting of H1.2, YB1 and PURa, can repress p53-dependent, p300-mediated chromatin transcription by simultaneously adding the core complex and p300 to transcription reactions (Kim et al., 2008) . To understand the mode of action of the H1.2 complex on chromatin transcription more precisely, we first carried out the order of addition experiments using cell-free assay system (Figure 1b) . For chromatin reconstitution, we employed p53ML-601 array DNA template and recombinant core histones as detailed in Supplementary Information. The successful reconstitution of periodic nucleosome arrays on the DNA template was confirmed by partial micrococcal nuclease (MNase) digestion (Supplementary Figure S1 ). The addition of the H1.2 core complex before p300 resulted in a strong repression of transcription from p53ML-601 nucleosome arrays that had been bound by p53 (Figure 1c , Transcription, lanes 1-5). Parallel results were obtained when the H1.2 core complex and p300 were added to the reactions at the same time (Transcription, . Interestingly, however, the repressive effect of the H1.2 core complex was minimal if it was added to the transcription reactions after p300 (Transcription, lanes 6-10). To exclude the possibility that the transcription repression we observed by adding H1.2 before p300 was caused by the limited accessibility of nucleosomal DNA, we performed MNase digestion assays with nucleosome arrays incubated with p53, p300 and the H1.2 core complex. No major differences in the MNase digestion pattern were observed, when nucleosome arrays incubated with the H1.2 core complex before or after p300 addition were compared (Supplementary Figure S1b , lanes 3-5). These results are consistent with the idea that the addition of the H1.2 core complex to transcription reactions before p300 has little or no effect on the stability of the nucleosome arrays. Because p53 is acetylated by p300 at multiple lysine residues (K373, K381 and K382) within the C-terminal regulatory domain for its transcriptional activation function, a possible explanation for our transcription results is that the H1.2 core complex could interfere with p300-mediated acetylation of p53. In fact, western blot analysis with anti-acetyl p53 (K373/K382) antibody showed that p53 C-terminal domain was acetylated by p300 to a very limited extent, when the H1.2 core complex was added to transcription reactions before or together with p300 ( Figure 1c , western, Acp53, lanes 1-5 and 11-15). By contrast, no change was observed in p53 acetylation following the addition of the H1.2 core complex after p300 (western, Acp53, lanes 6-10). Similarly, individual or pairwise addition of H1.2, YB1 and PURa generated no detectable change in the level of p53 acetylation mediated by p300 (Supplementary Figure S2) .
A direct interaction between p53 C-terminal domain and H1.2 C-terminal tail has been well illustrated for the stable localization and action of the H1.2 complex at p53 target genes (Kim et al., 2008) . Thus, a plausible explanation for the transcription/modification results is that p300-mediated acetylation of p53 could perturb p53-H1.2 interaction at the promoter region. This possibility was investigated by a series of interaction studies. Recombinant H1.2 formed a stable complex with glutathione S-transferase (GST)-p53 fusion proteins prebound to glutathione-Sepharose beads (Figure 1d , lane 3). p53 interaction with H1.2 was dependent upon its C-terminal region, because H1.2 was not precipitated from the reaction by GST-p53 1-363, in which the C-terminal 30 residues were deleted (lane 4). The specificity of these in-vitro interactions was confirmed by the failure of H1.2 to bind to GST alone (lane 2). When binding experiments were repeated with or without p300-mediated preacetylation of p53, we detected a remarkable binding preference of H1.2 for the unacetylated p53 over the acetylated p53 (Figure 1e) . Moreover, in similar binding experiments using synthetic peptides derived from the p53 C-terminal p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al domain (amino acids 364-393), the unacetylated peptides showed a distinct binding to H1.2, but the p53 peptides bearing acetylations at K373, K381 and K382 showed a markedly lower affinity to H1.2 (Figure 1f ).
To further verify the above finding, we employed a transient expression approach using the p53-deficient cell line H1299 and a reporter gene construct containing p53 response elements. As summarized in Figure 1g , ectopic expression of wild-type p53 transactivated the reporter gene, but co-expression of the H1.2 core complex significantly repressed p53 transcription activity (assay 2 versus assay 3). When the acetylationmimicking mutant p53 with lysine to glutamine substitutions at K373, K381 and K382 (3KQ) was expressed, transcription activity was moderately enhanced (assay 4). Transfection of acetylation-blocking mutant (3KR), in which K373, K381 and K382 were changed to arginine showed no detectable change in the level of transcription (assay 6). In this setting, we checked whether these p53 mutants could affect the function of the H1.2 core complex as a transcriptional repressor. Remarkably, expression of the p53 mutant (3KQ) mimicking constitutive acetylation, but not the p53 mutant (3KR) blocking cellular acetylation, enhanced transcription of the reporter gene (assay 5 versus (1) before p300 and acetyl CoA (AcCoA); (2) together with p300 and AcCoA; (3) after p300 and AcCoA. NTPs, nucleotide triphosphates. (c) Repressive effects of the H1.2 core complex on p53-dependent transcription were determined by the order-of-addition assays, in which the H1.2 core complex was incubated with nucleosome arrays before (lanes 1-5) or after (lanes 6-10) the addition of p300 and AcCoA. After the transcription reactions, the radiolabeled RNA products were digested with RNase T1, and then analyzed by gel electrophoresis and autoradiography. In parallel transcription reactions, the H1.2 core complex was added simultaneously with p300 and AcCoA (lanes 11-15). Results are representative of three independent experiments, and the mean and standard deviation of three experiments are shown. p53 concentration and its acetylation level in transcription reactions were also determined by western blotting using anti-p53 and anti-acetyl p53 (Acp53) antibodies (middle and lower panels). (d) His-H1.2 was tested for binding to GST (lane 2), GST-full-length p53 (lane 3) or GST-C-terminal truncated p53 (lane 4). Bound H1.2 proteins were resolved by 12% SDS-PAGE, transferred onto nitrocellulose membranes and probed with anti-His antibody. Input corresponds to 10% of the protein used in the binding reactions (lane 1). (e) GST-full-length p53 immobilized on glutathione beads was acetylated by p300 and AcCoA for 60 min. After extensive washing, the interaction assays were performed with His-H1.2, as in (d). (f) Unmodified and acetylated versions of p53 C-terminal peptides (amino acids 364-393) were synthesized and immobilized on strepavidin-agarose beads. After incubating with His-H1.2, H1.2 binding to the peptides was determined by western blotting using anti-His antibody. (g) H1299 cells were transfected with p53RE-luc reporter together with expression vectors for wild-type p53 (p53 WT), acetylation-mimicking mutant p53 (p53 3KQ), acetylationblocking mutant p53 (p53 3KR) and/or the H1.2 core complex as indicated. The luciferase activity was measured 24 h after transfection, and the relative activities of three independent experiments are presented as mean values ± s.e. Values from cells transfected with the luciferase reporter alone are set to 1. p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al assay 7). Taken together, these assays corroborate our in-vitro findings and suggest that p53 acetylation could alleviate transcriptional inhibition mediated by the H1.2 core complex.
H1.2 T146 is a substrate for DNA-PK-directed phosphorylation The N-and C-terminal tail domains of H1 have been known as prominent substrates for various posttranslational modifications. Intrigued by our observation that DNA-PK is co-purified with H1.2 (Kim et al., 2008) , we explored whether DNA-PK can catalyze H1.2 phosphorylation and, if so, H1.2 phosphorylation is functionally connected to p53 acetylation in regulating p53-H1.2 interaction. As shown in Figure 2b , in-vitro kinase assays demonstrated that DNA-PK can phosphorylate full-length GST-H1.2, but not GST alone (lanes 1 and 2). To locate possible phosphorylation sites, we repeated the kinase assays using three distinct domains of H1. In similar experiments with two subregions of the C-terminal tail domain, namely amino acids 110-138 and 139-213, we found that DNA-PK can phosphorylate amino acids 139-213, but not amino acids 110-138, of H1.2 (lanes 7 and 8). Potential phosphorylation sites in amino acids 139-213 include four threonine residues (T146, T154, T165 and T167) and three serine residues (S150, S173 and S188). To determine which of these residues are phosphorylated by DNA-PK, kinase assays were repeated with full-length mutant proteins in which the seven potential sites were individually substituted with alanine. Substitution of each of T150, T154, T165, T167, S173 and S188 did not change the level of H1.2 phosphorylation (Figure 2c , compare lanes 3-8 with lane 1). Meanwhile, mutation of T146 completely abrogated H1.2 phosphorylation (lane 2), indicating that T146 is the predominant site in H1.2 Cterminal tail that is phosphorylated by DNA-PK. Western blot analysis using H1 phospho-T146 antibody further confirmed that T146 serves as a major substrate for DNA-PK ( Figure 2d ). In agreement with these invitro results, when human osteosarcoma U2OS cells were treated with etoposide, H1.2 phosphorylation at T146 was rapidly increased within 15 min following etoposide-induced DNA damage and decreased to the baseline after 60 min of etoposide treatment ( Figure 2e , In-vitro kinase assays were performed with DNA-PK and [g-32 P]ATP using GST-fused full-length H1.2 or indicated H1.2 domains as a substrate. H1.2 phosphorylation was analyzed by 12% SDS-PAGE followed by autoradiography (upper panel). Coomassie staining of the H1.2 substrates is shown in the lower panel. (c) Flag-tagged wild-type H1.2 or mutant H1.2 lacking potential phosphorylation sites was prepared and used for in-vitro kinase assays with DNA-PK and [g-32 P]ATP. H1.2 phosphorylation was detected by autoradiography (upper panel). Coomassie staining of each substrate is also shown (lower panel). (d) Flag-tagged wild-type and T146-mutated H1.2 proteins were subjected to in-vitro kinase assays with DNA-PK and cold ATP. H1.2 phosphorylation was detected by western blotting using anti-H1 phospho-T146 antibody (upper panel). Ponceau S staining of blots shows approximately equal amounts of H1.2 proteins used in the modification assays (lower panel). (e) U2OS cells were treated with etoposide (100 mM) for 0, 15, 60 and 120 min in the presence or absence of the DNA-PK inhibitor NU7026 (5 mM). Cell lysates were analyzed by western blotting using anti-H1.2 and anti-H1 phospho-T146 antibodies.
p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al DMSO, pT146). However, no such increase in H1.2 phosphorylation at the 15-min time point was observed in cells pretreated with a DNA-PK-specific inhibitor, NU7026 (NU7026, pT146). As a control of equivalent amounts of protein loaded in each lane, the western blot was probed with anti-H1.2 antibody. There were equal amounts of H1.2 in all samples (H1.2). In conclusion, H1.2 is phosphorylated at T146 in response to DNA damage, and DNA-PK is mainly responsible for the observed phosphorylation.
T146 phosphorylation attenuates H1.2 repression activity Knowing that H1.2 is specifically phosphorylated at T146 by DNA-PK, we sought to determine the effects of this modification on transrepressive activities of the H1.2 core complex. Toward this end, in-vitro transcription assays were carried out by prephosphorylating the H1.2 core complex with DNA-PK and adding it into the reactions after p53 but before p300 (Figure 3a ). When H1.2 was premodified by DNA-PK, the H1.2 core complex lost its ability to repress p53-dependent, p300-mediated transcription from nucleosome arrays (Figure 3b , lane 4 versus lane 5). The transcription stimulatory effect of DNA-PK, however, was largely compromised upon mutation of H1.2 T146 to alanine (lane 5 versus lane 10). These results suggest that T146 phosphorylation by DNA-PK is the major cause of the observed impairment of H1.2-induced repression. To further evaluate the relationship between H1.2 phosphorylation and p53 transcriptional activity, we performed in-vitro binding experiments using GST-p53 290-393 and wild-type or T146-mutated H1.2. Both wild-type and mutant H1.2 showed a comparable interaction with p53 290-393, as determined by western blot analysis of the binding reactions (Figure 3c,  lanes 3 and 7) . The interaction between H1.2 and p53 was markedly diminished following H1.2 phosphorylation by DNA-PK (lane 4 versus lane 3). In stark In-vitro transcription assays were essentially as described in Figure 1c , but wild-type (lanes 1-5) and T146-mutated (lanes 6-10) H1.2 proteins were premodified by DNA-PK. The H1.2 core complex was added to transcription reactions before p300 and AcCoA. (c) Wild-type (lanes 1-4) and T146-mutated (lanes 5-8) H1.2 proteins were unmodified (ÀATP, lanes 3 and 7) or phosphorylated ( þ ATP, lanes 4 and 8) with DNA-PK, and incubated with GST alone (lanes 1, 2, 5 and 6) or GST-p53 290-393 (lanes 3, 4, 7 and 8) immobilized on glutathione beads. After extensive washing, H1. (Kim et al., 2008) , H1.2 alone had no effect on p53-mediated transcription of reporter gene, but cooperated with PURa and YB1 to inhibit p53 transcriptional activity (Figure 3d , assay 4 versus assay 5). When H1.2 T146 was substituted to glutamic acid to mimic phosphorylation, the repressive effect of the H1.2 core complex was lost, and p53 transcriptional activity was fully recovered (assay 9). On the contrary, the mutant H1.2 bearing a threonine-to-alanine exchange at T146 still retained its ability to repress p53 transactivation (assay 7), thereby excluding a possible effect of mutation itself on H1.2 competency. These results, together with the results from the in-vitro transcription and binding assays, strongly suggest that transrepression activity of H1.2 is strictly regulated by T146 phosphorylation. To further confirm that DNA-PK kinase activity is essential for H1.2 phosphorylation and p53 transactivation, we carried out reporter gene assays in H1299 cells treated with the DNA-PK inhibitor NU7026. As anticipated, NU7026 treatment markedly impaired DNA damage-induced p53 activation in H1299 cells expressing the wild-type H1.2 core complex (Figure 3e, H1 .2 wild-type core com). However, in repeated assays using cells transfected with H1.2 T146E mutant mimicking constitutive phosphorylation, the loss of H1.2 effects and thus no change in the level of p53 transactivation were evident (H1.2 T146E core com). When H1.2 T146A mutant blocking phosphorylation was transfected into the cells, the repressive effect of H1.2 was retained regardless of NU7026 treatment (H1.2 T146A core com). These results emphasize the essential role of DNA-PK in the control of H1.2-p53 interaction and thus H1.2 activity in p53-mediated transcription.
DNA damage induces p53 acetylation and H1.2 phosphorylation Given the combinatorial effects of p53 acetylation and H1.2 phosphorylation on p53 transactivation, we investigated a possible alteration of these modifications in U2OS cell line after etoposide treatment for 0, 15, 30 or 60 min. As determined by western blotting of extracts, a significant increase in p53 acetylation in response to the etoposide-induced DNA damage was observed over 60 min time period (Figure 4a, Acp53) . Since etoposide treatment only modestly increased p53 protein levels (p53), p53 acetylation may be an early event in the DNA damage response. In western blotting with H1 phospho-T146 antibody, a rapid phosphorylation of H1.2 at T146 was detected within 15 min following etoposide treatment and returned to the baseline by 60 min (Figure 4b ). Because the observed changes in p53 and H1.2 modifications were recapitulated with DNA damage induced by another DNA damage reagent, bleomycin, these modifications may be functional in cellular response to diverse damaging agents (Supplementary Figure S3) . Likewise, immunostaining experiments showed that etoposide treatment of U2OS cells leads to a progressive increase in the level of acetylated p53 in the nucleus (Figure 4c, Acp53) . In parallel experiments in which changes in H1.2 phosphorylation were analyzed over the same time period, the highest intensity of staining for H1.2 phosphorylation was scored at 15 min time point and gradually decreased thereafter (Figure 4d, pT146) . These data imply that p53 and H1.2 are modified in a sequential manner upon DNA damage, with H1.2 phosphorylation followed by p53 acetylation. In all cases, there was a rather modest increase in p53 protein level (Figure 4c , p53) and no detectable change in H1.2 protein level (Figure 4d, H1. 2) in response to DNA damage.
Because p53 acetylation and H1.2 phosphorylation decrease p53-H1.2 interaction in vitro (Figures 1e and  3c ), we next examined to which extent these modifications are involved in regulating H1.2 binding to p53 in U2OS cells. Cell lysates were prepared from cells treated with etoposide for the indicated times, and p53-H1.2 interaction was examined by western blotting of immunoprecipitated materials. As shown in Figure 4e , endogenous p53 efficiently co-precipitated with H1.2 from extracts prepared before etoposide treatment (0 time point), but minimally did so from extracts prepared 15 and 60 min after etoposide treatment. To further substantiate the role of H1.2 phosphorylation in releasing H1.2 from p53, we repeated immunoprecipitation experiments using H1299 cells transfected with expression vectors for Flag-tagged p53 290-393 and Xpress-tagged wild-type H1.2 or non-phosphorylatable H1.2 harboring alanine substitution at T146. p53 stably interacted with both wild-type and mutant H1.2 under normal conditions (0 time point), but there was B90% reduction in its interaction with H1.2 60 min after etoposide treatment (Figure 4f ). These results argue that despite the possible positive effects of T146A mutation on p53-H1.2 interaction, p53 acetylation is likely the primary regulator of p53-H1.2 interaction at 60 min time point. In fact, point mutations of the major p53 acetylation sites restored p53-H1.2 interaction at 60 min time point back to that at 0 time point (Figure 4g, lanes 1-4) . Again, these results strongly support earlier indications that H1.2 phosphorylation has a dominant role in regulating p53-H1.2 interaction 15-30 min after etoposide treatment, whereas p53 acetylation does so 30-60 min after the treatment. No detectable changes in p53-H1.2 interaction when p53 and H1.2 mutants simultaneously replaced their wildtype counterparts further indicate that p53 acetylation and H1.2 phosphorylation are essential for their continuous dissociation (lanes 5-8).
p53 acetylation and H1.2 phosphorylation promote p53-dependent apoptotic cell death Based on our findings that p53 acetylation and H1.2 phosphorylation are key events in p53-mediated transactivation, we explored whether these modifications p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al coordinately regulate cell growth and apoptosis. In our clonogenic assays, H1299 cells displayed a reduced ability to form colonies after transfection of wild-type p53 or acetylation-mimicking mutant p53 (3KQ), as compared with empty vector-transfected cells (Figure 5a , assays 2 and 3 versus assay 1). By contrast, the observed reduction in colony formation could not be recapitulated by transfection of the H1.2 core complex (assays 4 and 5). Consistent with the transcription results indicating H1.2-induced repression of p53 activity, simultaneous expression of wild-type p53 and the H1.2 core complex increased the rate of colony formation similarly to that observed in the empty vector-transfected cells (assay 6). Notably, however, when wild-type H1.2 in the core complex was replaced by phosphorylation mimicking mutant H1.2 (T146E), colony numbers were decreased back to those obtained by transfection of p53 alone (assay 7). Likewise, (c), and immunostained with anti-H1.2 (green) and anti-H1 phospho-T146 (red) antibodies. (e) Cell extracts were prepared at the indicated time after etoposide treatment and immunoprecipitated with anti-p53 antibody. H1.2 precipitates were examined by 10% SDS-PAGE and western blot analysis using anti-H1.2 antibody. (f) The inhibitory effects of p53 acetylation and H1.2 phosphorylation on p53-H1.2 interaction were analyzed by transfecting expression vectors encoding Flag-tagged wild-type p53 290-393 and either Xpresstagged wild-type or T146-mutated H1.2 into H1299 cells. Extracts were prepared in lysis buffer and immunoprecipitated with anti-Flag antibody. Western blot analysis was performed with anti-Xpress antibody to detect Xpress-tagged H1.2. Similar recovery of p53 was confirmed by western blotting using anti-Flag antibody (immunoprecipitation (IP): a-Flag). Whole cell extracts (WCEs) were also analyzed by western blot analysis to confirm that equivalent amounts of proteins were used for IP. (g) H1299 cells were transfected with Flag-tagged p53 290-393 mutated at three acetylation sites (K373, K381 and K382) and Xpress-tagged wild-type or T146-mutated H1.2. Extracts were immunoprecipitated with anti-Flag antibody and analyzed by western blot analysis as in (f).
p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al transfection of cells with acetylation-mimicking mutant p53 (3KQ) decreased cell proliferation in all cases, regardless of whether wild-type or mutant H1.2 is co-transfected (assays 8 and 9). To determine whether p53 acetylation and H1.2 phosphorylation would also lead to apoptotic cell death, we assessed DNA fragmentation in cells transfected with wild-type or mutant versions of p53 and H1.2. Transfection of H1299 cells with wild-type p53 or acetylation-mimicking mutant p53 (3KQ) resulted in a marked increase in the number of terminal deoxynucleotidyl transferase-mediated nick-end labeling (TU-NEL)-positive cells (Figure 5b , assays 2 and 3 versus assay 1). However, expression of the H1.2 core complex containing wild-type or phosphorylation mimicking mutant (T146E) H1.2 could not induce apoptotic cell death (assays 4 and 5). Consistent with our observation in colony formation assays, co-transfection of wild-type versions of p53 and the H1.2 core complex decreased the number of TUNEL-positive cells (assay 6). By contrast, simultaneous transfection of wild-type p53 and the H1.2 core complex containing phosphorylation mimicking mutant H1.2 (T146E) failed to inhibit apoptotic cell death (assay 7). Additionally, transfection of cells with acetylation-mimicking mutant p53 (3KQ) and wild-type or mutant H1.2 core complex induced apoptotic cell death (assays 8 and 9).
To investigate whether the observed effects of p53 and H1.2 modifications are accompanied by p53 transactivation, we next measured the level of target gene transcription. H1299 cells were transfected with vectors expressing wild-type or mutant forms of p53 and the H1.2 core complex, and p53-activated transcription of target genes was determined by quantitative RT-PCR. Predictably, transfection of wild-type p53 activated p21 gene transcription, and the observed transactivation was evidently repressed by co-expression of wild-type H1.2 core complex (Figure 6a , p21, assay 2 versus assay 6). However, the repressive action of the H1.2 core complex was impaired by substituting T146 with p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al phosphorylation mimicking glutamic acid (T146E) (p21, assay 7). When the acetylation-mimicking mutant p53 (3KQ) was co-expressed with wild-type or mutant H1.2 core complex, p21 gene transcription was enhanced (p21, assays 8 and 9). Consistent with the results from p21 gene, expression of modification mimicking mutants of p53 and the H1.2 core complex greatly boosted the level of transcription of Apaf1, another p53 target gene (Apaf1, assays 7-9), indicating that p53 acetylation and H1.2 phosphorylation have a role in the activation of other p53 target genes as well. Together, these results constitute a powerful argument that H1.2 phosphorylation and p53 acetylation are cooperative for their action in p53 transcription pathway.
Discussion
A flurry of recent studies about linker histone H1 proteins has offered the new emerging aspect that this Figure 6 p53 acetylation and H1.2 phosphorylation are critical for p53 target gene transcription. (a) H1299 cells were transiently transfected with the indicated expression plasmids for 48 h. Total RNA was prepared from cells, and qRT-PCR was performed using primers specific for p21, Apaf1 and Gapdh. mRNA levels from each reaction were normalized against an internal b-actin control. The results shown are mean values from three independent experiments, and values derived from mock-transfected cells are set to 1. (b) A working model for the role of p53 acetylation and H1.2 phosphorylation in regulating p53 transactivation. In normal cells, the H1.2 core complex exists as an unphosphorylated form capable of binding p53 and maintaining p53 target genes in a quiescent state. When cells are exposed to stress environments, p53 and H1.2 are acetylated and phosphorylated, respectively. These modifications impair p53-H1.2 interaction and promote dissociation of H1.2 from p53, thereby allowing the recruitment of chromatin remodeling and transcription factors to p53 target promoters. Thus, p53 acetylation and H1.2 phosphorylation serve as signals to dictate p53-regulated transcriptional program in response to DNA damage (see Discussion for more details). Figure 6b) . A key finding from our initial study is that p300-induced acetylation of the p53 C-terminal basic region attenuates p53-H1.2 interaction, which is necessary for enhancing p53 transcriptional activity and recruiting co-activators at p53 target promoters. Supporting these biochemical data, cellular studies also demonstrate the inverse correlation between p53 acetylation and H1.2 transrepression. These observations strongly suggest that p53 acetylation is a key determinant for H1.2 dissociation from p53 and contributes to the fine-tuning of p53 function in response to DNA damage. In this study, we also establish another modification pathway in which DNA-PK attenuates the repressive action of H1.2 against p53-mediated transactivation. We found that DNA-PK specifically phosphorylates H1.2 at T146, thereby disrupting p53-H1.2 interaction and leading to the enhancement of p53 acetylation and the activation of p53 target genes. Cellular studies using mutant H1.2 further demonstrate that H1.2 phosphorylation at T146 is responsible for the observed activation and consequently for timely cell growth arrest and apoptosis. Our results implicating a primary function of H1.2 T146 phosphorylation in transcription and DNA damage response seem to contrast with a recent report showing that H1.2 T146 is phosphorylated exclusively during mitosis (Zheng et al., 2010) . However, we speculate that mitosis-coupled phosphorylation of H1.2 does not require DNA-PK and may be mediated by cell cycle-regulated kinases, such as cyclin-dependent kinases. These results also suggest that H1.2 phosphorylation may have a broader role in cell signaling than previously expected. Additional experiments will be necessary to uncover the relative importance and regulatory mechanisms of H1.2 phosphorylation that occurs during various cellular processes.
Of particular interest in our study is the observation that etoposide treatment of cells produces H1.2 T146 phosphorylation before p53 acetylation. Whether these sequential modifications of H1.2 and p53 truly reflect the early programming of p53 response genes or a delayed unmasking of acetylated p53 remains unclear. However, we would suggest that DNA damageinduced phosphorylation of H1.2 may enhance the accessibility of promoter-bound p53. In this way, p300 may be properly targeted to gene promoters through interaction with p53 in damaged cells. Thus, it is likely that H1.2 phosphorylation is critical in regulating the initial stage of DNA damagefacilitated, p53-mediated transactivation. Further studies will be required to determine the extent to which the preferred order of H1.2 phosphorylation and p53 acetylation described here pertains to other p53 target genes.
The underlying mechanism that p53 acetylation and H1.2 phosphorylation trigger the dissociation of H1.2 from p53 is still not clear. Considering the formation of amphipathic a-helical structure in H1.2 C-terminal tails and the tendency of hydrophobic faces of amphipathic helices to interact with other proteins (Vila et al., 2000; Ausio, 2006; McBryant et al., 2010; Caterino and Hayes, 2011) , conformational change of H1.2 C-terminal domain is likely to be part of the mechanisms by which H1.2 phosphorylation regulates H1.2 binding to p53. This is somewhat similar to the case of other repressors, in which the distinct modifications in the regulatory region result in their dissociation from transcription factors and gene activation. In an analogous manner, p53 acetylation, which resides within the C-terminal regulatory domain, could also induce a non-amphipathic structure to destabilize p53 interaction with H1.2 and stimulate p53-mediated transcription. As another possible mechanism, H1.2 phosphorylation could enhance p53 transcriptional activity such that phosphorylated H1.2 remains incapable of establishing the required interactions with PURa and YB1. However, in our binding experiments, H1.2 phosphorylation did not impede H1.2 interaction with PURa and YB1 (data not shown), suggesting that H1.2 phosphorylation acts without affecting the stability of the H1.2 core complex. Structural investigations of p53-bound H1.2 core complex will provide information on the nature of p53-H1.2 interaction and how p53-H1.2 modifications cause their dissociation.
Materials and methods
Materials
H1299 and U2OS cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum in an atmosphere of 5% CO 2 at 37 1C. Antibodies specific for p53 (DO1 and FL-393) and His tag were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA); antibody specific for K373/K382-acetylated p53 was from Millipore (Temecula, CA, USA); antibodies specific for H1.2 and H1 pT146 were from Abcam (San Francisco, CA, USA); antibodies specific for actin and Flag tag were from Sigma (St Louis, MO, USA); and antibody specific for Xpress tag was from Invitrogen (Carlsbad, CA, USA).
Plasmid constructions
See Supplementary Information for details of plasmid constructions.
Recombinant proteins and p53 peptides
See Supplementary Information for details on preparation of recombinant proteins and p53 C-terminal peptides.
p53 activation via p53 acetylation and H1.2 phosphorylation K Kim et al Reconstitution of nucleosome arrays and in-vitro transcription and modification assays For nucleosome array reconstitution, the p53ML601-14 plasmid was digested with EcoRI and HindIII, and the 3.4-kb p53ML-601 array DNA fragment was gel purified. Nucleosome arrays were reconstituted by salt gradient dialysis and purified by sedimentation in a 5-30% (vol/vol) glycerol gradient (Jaskelioff et al., 2000) . Micrococcal nuclease (Sigma) digestion of nucleosome arrays (2 mg) was performed as described . In-vitro transcription assays were carried out as described previously (Kim et al., 2008) utilizing p53ML nucleosome array (100 ng), p53 (20 ng), p300 (20 ng), PURa (30 or 60 ng), YB1 (30 or 60 ng) and/or H1.2 (30 or 60 ng). For transcription assays with phosphorylated H1.2, H1.2 was preincubated with purified DNA-PK (50 ng) (Ma and Lieber, 2006) in the presence of ATP (10 mM) for 60 min and then added to transcription reactions. Following gel electrophoresis of transcription reactions, the gels were dried and subjected to autoradiography, and the bands were quantitated by Phosphorimager. In-vitro acetylation assays were performed by incubating recombinant p53 (20 ng) with p300 (20 ng) in transcription buffer (40 mM HEPES, pH 7.8, 120 mM KCl, 10 mM DTT, 120 mM MgCl 2 , 1 mM EDTA, and 20 mM Na-butyrate) supplemented with 10 mM AcCoA at 30 1C for 60 min. Reactions were separated by 10% SDS-PAGE, and p53 acetylation was assessed by western blot using anti-Acp53 antibody. For in-vitro kinase assays, recombinant H1.2 proteins were incubated with DNA-PK (20 ng) in kinase buffer (50 mM Tris-HCl, pH7.5, 20 mM EGTA, 10 mM MgCl 2 , 1mM DTT, and 1 mM b-glycerophosphate) containing 10 mCi of [g-32 P]ATP and 5 mM ATP for 60 min at 30 1C. Reactions were resolved by 12% SDS-PAGE, and 32 P-labeled proteins were visualized by autoradiography.
Reporter gene assays H1299 cells were plated in 12-well plates at 50% confluence and transfected with p53RE-luc reporter (200 ng) harboring p53 response elements and expression vectors (100 ng) for p53, H1.2, YB1 and/or PURa for 24 h. Cells were harvested in Reporter Lysis Buffer (Promega, Madison, WI, USA) and assayed for luciferase activity using Odyssey System Premium (Li-Cor Bioscience, Lincoln, NE, USA). To verify the role of DNA-PK, cells were treated with the DNA-PK inhibitor NU7026 (5 mM, Cayman, Ann Arbor, MI, USA).
In-vitro binding experiments
In-vitro binding assays to study p53-H1.2 interaction were performed by essentially following procedures of Kim et al. (2008) . A detailed description is provided in Supplementary Information.
Immunoprecipitation
Immunoprecipitation assays were carried out as described previously (Kim et al., 2008) with minor modifications as detailed in Supplementary Information.
Immunofluorescence and western blotting
All the details regarding immunofluorescence and western blot analysis are provided in Supplementary Information.
Colony formation and TUNEL assays
For soft agar colony formation assays, H1299 cells were transfected in 100 mm plates with a vector (12 mg) containing the cDNA encoding p53, H1.2, PURa or YB1 or a control vector by means of lipofectamine transfection reagent. Cells were suspended in semisolid medium (RPMI 10% FBS plus 0.3% ultra pure noble agar) at concentrations of 2 Â 10 5 cells/ ml, added over a layer of 0.6% agar in RPMI on 35 mm plate and incubated for an additional 21 days. The colonies in each well were stained with 0.005% crystal violet in 20% ethanol, counted and photographed. All assays were run in triplicate, and results presented are the average of three individual experiments. For TUNEL assays, H1299 cells were seeded onto 18 mm glass coverslip and transfected with 2 mg of vectors per well for 48 h. The cells were then stained by TUNEL, according to the manufacturers' instructions (GeneScript, Piscataway, NJ, USA), and visualized by Zeiss microscope (Zeiss, Jena, Germany). The apoptotic index was defined by the percentage of TUNEL-positive cells among the total cells of each sample. More than 200 cells were examined in 10 random fields for each sample, and TUNEL-positive cells were counted.
qRT-PCR Transcription levels of p21, Apaf1 and Gapdh were measured by qRT-PCR and normalization to b-actin mRNA level as described in Supplementary Information.
